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A novel method for characterizing the kinetics of 
protein kinase inhibitors is described. This method 
uses glycogen synthase kinase p as the model protein 
kinase and looks at the shift: in IC M of inhibitors using 
the nonhydrolyzable ATP analog, p,Y-methyieneade- 
nosine 5 '-triphosphate, also known as AMP-PCP. Due 
to its inability to be hydrolyzed, AMP-PCP is being 
used to characterize known glycogen synthase kinase 
inhibitors by determining the shift in IC 50 at concen- 
trations above its calculated Ki of 490 /iM. The assay 
format for the detection of inhibition is a scintillation 
proximity assay which is robust and reproducible at 
very low levels of [^^PIATP. The use of AMP-PCP 
coupled with the use of the scintillation proximity 
assay allows this characterization of inhibition with- 
out increasing [y-^lATP and without significantly di- 
luting the overall assay signal. We have used this 
method in kinetic analyses to demonstrate that we can 
detect a significant shift in Id*, with the known ATP 
competitive inhibitors, staurosporine, Ro 31-8220, and 
olomoucine. The IC M for glycogen synthase peptide 
and lithium chloride, which has been reported to be 
uncompetitive, remains unchanged. © lotto Academic Press 



Glycogen synthase kinase 3 (GSK3) 2 was first dis- 
covered as a skeletal muscle serine/threonine kinase 
that was capable of phosphorylating and inhibiting the 
activity of glycogen synthase (1). GSK3, itself, is inhib- 
ited in response to insulin, which has been postulated 
to contribute to the stimulation of glycogen synthesis 

1 To whom correspondence should be addressed. Fax: (860) 441- 
4556. E-mail: Bonnie - F_T3te@Btoton i pfizer,com. 

2 Abbreviations used: GSKS, glycogen synthase kinase 3; AMP- 
PCP, p.T^methylcneadenosine 5'-triphosphatc; SPA, scintillation 
proximity assay. 
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(2). The upstream regulator of GSK3 has been shown to 
be PKBa, which is also a serine/threonine kinase that 
phosphorylatea GSK3a and GSK3/3 on Ser-21 and 
Ser-9, respectively (3). In addition to phosphorylating 
glycogen synthase, GSK3 has been shown to phosphor- 
ylate a number of other proteins such as c-jun (4, 5), 
CREB (cAMP response element binding protein) (6), 
inhibitor 2 (7), ATP citrate lyase (8), r protein (9), and 
IRS-1 (insulin receptor substrate 1) (10). Activity of 
GSK3 toward some of these substrates requires prim- 
ing by prior phosphorylation of proximal residues via 
another kinase. In the case of GSK3 activity toward 
glycogen synthase, the serine/threonine kinase, casein 
kinase H, is required to phosphorylate a proximal 
serine residue (ID* GSK3 has two isoforms, a and /3, 
and both of these isoforms recognize the motif Ser-X- 
X-X-pSer, such as is found in the glycogen synthase 
peptide used in our assay, Ser-Axg-His-Ser-Ser-Pro- 
His-Gln-pSer-Glu-Asp-Glu-Glu-Glu. 

Measurement of serine/threonine kinase activity is 
often done by conventional incorporation of radiola- 
beled ATP into a substrate protein or a peptide due to 
the accuracy and simplicity of the assay and also fre- 
quently due to the lack of appropriate phospho-specific 
antibodies. Radiometric assays, however, can be limit* 
ing when used to determine the kinetic characteristics 
of inhibitors. For example, an easy technique to deter- 
mine if a compound is kinetically competitive with ATP 
is to measure the IC 50 of the inhibitor at several con- 
centrations of substrate above and below the K m for 
that substrate. If the inhibitor is kinetically competi- 
tive with substrate, the IC G0 will be increased as de- 
scribed by the Cheng-Prusoff equation (12). In a radio- 
metric assay, however, the substrate, ATP, would have 
to be labeled to very high specific activity, which is 
often not practical, especially when dealing with nu- 
merous inhibitors. 
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In this paper, we describe the use of the scintillation 
proximity assay (SPA, 13) in conjunction with the non- 
hydrolyzable ATP analog, j3,Y-methyleneadenosine 
B'-triphosphate (AMP-PCP), to characterize known 
GSK3/3 inhibitors. AMP-PCP, by nature an ATP-com- 
petitive inhibitor, should cause a shift in the ICeo of 
those inhibitors that bind at the ATP site. The IC 50 of 
inhibitors that bind at a site other than the ATP site 
should remain unchanged. As predicted, we show that 
the IC 5a 5 s of known ATP-competitive inhibitors, stau- 
rosporine, olorooucine, and Ro 31-8220, are strongly 
shifted by AMP-PCP while glycogen synthase peptide 
and LiCl are minimally affected. The novelty of this 
method lies in the efficiency of the SPA at very low 
levels of radioactivity and the ability of AMP-PCP to 
measurably shift the IC50. 

MATERIALS AND METHODS 

Materials. The following reagents were used: GSK3J8 
and the glycogen synthase peptide (Upstate Biotechnology); 
biotinylated glycogen synthase peptide, biotin-6C-Ser-Arg- 
His-Ser-Ser-Pn>-His-Gln-pSer-Glu'-Asp-Glu-Glu-Glu-OH 
(Research Genetics, Inc.); AMP-PCP, staurosporine, 
olomoucine (2-(2-hydroxyethylamino)-6-ben2ylajnino- 
9-methylpurine), and lithium chloride (LiCl) (Sigma); 
Ro 31-8220 (3-(l-(3-(amidinothio) propyl- lH-indol^3- 
yl)-3-(l-methyl-lH-indol-3-yl) maleimide methane sul- 
fonate) (Calbiochem); SPA polyvinyl toluene beads and 
[y- aa P]ATP (Amersham); and opaque, clear-bottomed 
microtiter plates (Wallac). 

GSK3p scintillation proximity assay. The biotinyl- 
ated glycogen synthase peptide was added at a final 
concentration of 1.0 /mM in a 120-/J asBay buffer con- 
taining 8.0 mM morpholinepropanesulfonic acid (pH 
7.0), 1.0 mM dithiothreitol, 2.0 fiM ATP, and the indi- 
cated concentration of AMP-PCP. The inhibitors, stau- 
rosporine, olomoucine, Ro 31-8220, LiCl, or unbiotiny- 
lated glycogen synthase peptide, were then added and 
the reaction was initiated by the addition of 46 mU of 
GSK3/3 and 0,02 jiCi/well of [^PJATP. After a 75 min 
incubation at room temperature, each reaction was 
stopped by the addition of a buffer containing a final 
concentration of 5.0 mM EDTA, 50 ATP, 0.1 % 
Triton X-100, and 0.5 mg streptavidin polyvinyl tolu- 
ene beads. The streptavidin beada were allowed to 
settle for 16 h and the plates were counted on a Wallac 
Trilux Microbeta counter. 

RESULTS AND DISCUSSION 

Our GSK3£ assay uses concentrations of ATP and 
peptide, the two substrates in this reaction, that are 
well below their respective K m s of 20 (1) and 5 /iM 
(14). This enables us to detect inhibitors that are com- 
petitive at either of the substrate binding sites. We also 
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FIG. 1. Inhibition of GSK30 by AMP-PCP, GSK30 (45 mU) was 
incubated with 1.0 peptide, 2.0 jiM ATP, and the indicated 
concentrations of AMP-PCP as described under Materials and Meth- 
ods. The resulting ICr, of 490 jiM is indicated and the data are 
representative of two experiments performed in triplicate. 



wanted a quick way to be able to distinguish those 
inhibitors that were competing at the ATP site; how- 
ever, addition of a concentration of ATP required to see 
a significant shift in the IC 6() of an ATP competitive 
inhibitor would cause the signal to be too dilute in a 
kinase reaction containing only 0.02 jiCi of [7- a3 P]ATP 
(see Materials and Methods). Therefore, we decided to 
run the assay in the presence of a known ATP-compet- 
itive, nonhydrolyzable ATP analog, AMP-PCP, instead 
of dramatically increasing the specific activity of ATP. 
AMP-PCP has an IC50 of 460 (Fig. 1), and the 
calculated Ki is approximately the same value Bince the 
2 /jlM concentration of ATP in our assay is well below 
its K m of 20 /iM (1). If the IC^ values for other ATP 
competitive inhibitors are determined in the presence 
of above K\ levels of AMP-PCP, there will be a concur- 
rent-fold shift in activity (see Fig. 2A). This shift is 
described by a modified Cheng-Prusoff equation for 
multiple inhibitors (12), ICs, = 1 + KJU($ + K B )K X} 
where the IC 50 for an inhibitor is measured in the 
presence of different concentrations of AMP-PCP. In 
this equation, X is the concentration of AMP-PCP and 
S is the concentration of the substrate, ATP. Under the 
conditions of our assay, S < and the equation sim- 
plifies to IC S0 = 1 + (LX]/Kx). 

To test the utility of this approach, we chose to look 
at staurosporine, olomoucine, Ro 31-8220, LiCl, and 
the unbiotinylated glycogen synthase peptide. The first 
three compounds are expected to behave in an ATP 
competitive manner according to the literature or the 
structure in the case of Ro 31-8220 (15-19). The pep- 
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There is some selectivity, however, as staurosporine is 
not as potent an inhibitor against some kinases snch as 
ERK-1 with an IC M of 1.5 /xM (21) and casein kinases 
1 and 2 with IC 50 s of 164 and 19.5 jiM. respectively 
(22). Recently, the structure of CDK2 completed with 
staurosporine was solved to 2-A resolution (15), The 
complex provided physical evidence that the binding of 
staurosporine to CDK2 occurs at the active site. Using 
SPA with GSK30, we have also found that staurospor- 
ine is a potent inhibitor with an IC 6D of 28 nM (Fig. 3A). 
Addition of increasing concentrations of AMP-PCP 
from 0 to 1.5 mM caused a shift in the IC ri d from 28 to 
greater than 100 nM 7 indicating that staurosporine is 
competitive with ATP at the active site of GSK3£. 

Also initially demonstrated as a protein kinase C 
inhibitor, Ro 31-8220 is a stanroaporine analog that 
has been found to inhibit numerous other kinases (16). 
Ro 31-8220 markedly inhibited MAFKAP-Kl/3 kinase 
and S6 kinase with IC ao s of 3 and 15 nM, respectively. 
This analog also inhibited PKBa with a less potent ICso 
of 1.0 fiM and was completely inactive against MAP- 
KAP-K2, c-Rafl, MAPKK-1, and p42 MAP kinase (16). 
We looked at the effect of Ro 31-8220 on GSK3/3 and 
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FIG. & Effect of AMP-PCP on the % activity of GSK3j8 at different 
concentrations of AMP-PCP and (A) olomoucine or (B) LiCL 1.0 /*M 
peptide, 2.0 fiM ATP, and the indicated concentrations of AMP-PCP 
were incubated with olomoucine or LiCI, and the reaction was initi- 
ated by the addition of [y- M P]ATP and GSK3/3. The reaction was 
stopped in a buffer containing SPA beads as described under Mate- 
rials and Methods and, after 16 h, was counted on a Wallac Trilux 
Microbeta counter. Data are representative of two experiments done 
in triplicate at six indicated concentrations of inhibitor. 



tide, by nature, should behave noncompetitive^ and 
LiCI is believed to be uncompetitive according to a 
recent report (20). 

Staurosporine is a microbial alkaloid that was ini- 
tially described as having an IC S0 against protein ki- 
nase C of 2.7 nM (21). Since then, staurosporine has 
also been tested aginst numerous other protein kinases 
(22) and has been found to be relatively nonselective 
with IC 5 dS in the nanomolar range for serine/threonine 
kinases such as protein kinase A (23), phosphorylase 
kinase (23), S6 kinase (23) 7 cdc2 (22), and CDK2 (24), 
as well as the tyrosine kinases, v-Src (25) and Lyn (22). 
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FIG, 3. Effect of AMP-PCP on the IC^ of known, competitive in- 
hibitors. The aaaay was done as described in the legend to Fig. 2 
except with the addition of (A) staurosporine, (B) Bo 31-8220, or (C) 
olomoucine. Data are representative of two experiments done in 
triplicate at six different concentrations of inhibitor. 
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FIG. 4. Effect of AMP-PCP on the IC M of known, noncompetitive 
inhibitors. The assay done as described in the legend to Pig. 2 
except with the addition of CA) LiCl or (B) peptide. Data are repre- 
sentative of two experiments done in triplicate at six different con- 
centrations of inhibitor. 
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no change in ICso with the addition of AMP-PCP, even 
at the highest concentration of 1.5 mM. 

According to the previously described modified 
Cheng-Prusoff equation (12) for multiple inhibitors 
where the IC 50 = 1 + ([AMP-PCP]/^), there should be 
a 4.1-fold increase in the IC C0 of compounds that are 
competitive with ATP when the concentration of AMP- 
PCP equals 1.5 mM and it is assummed that the 
equals 490 fiM. It can quickly be seen in Fig. 5 that 
only staurosporine, Ro 31-8220, and olomoucine ap- 
proach this 4.1-fold change, while LiCl was unchanged 
and the peptide showed very little change. 

We also did a more in-depth kinetic analysis on the 
representative inhibitors, olomoucine and LiCl. For 
olomoucine, the derived equation for two competitive, 
exclusive inhibitors is Vv = (KJKy AX(i AS))[l] + 
W,JL1 + KAS] + KiUQ/iSiKJ, where I is the inhibi- 
tor (26). A Dbcon plot of Vv versus olomoucine at a fixed 
concentration of AMP-PCP and ATP should be linear 
with a slope of K 6 /[&W™aKi> If both olomoucine and 
AMP-PCP are competitive with respect to ATP and are 
mutually exclusive, the curves at different concentra- 
tions of AMP-PCP should be parallel since the slope is 
independent of AMP-PCP . As can be seen in Fig. 6A, 
the lines are indeed parallel at different concentrations 



found that this analog potently inhibited activity with 
an IC CQ of 29 nM. The addition of 1.5 mM AMP-PCP 
caused a shift in the IC50 to 82 nM (Fig. 3B), 

Olomoucine was first discovered as a plant cytokinin 
derivative that appeared to inhibit protein kinases and 
was subsequently shown to have some potency and 
selectivity for proline- directed, serine/threonine ki- 
nases albeit in the micromolar range (17). Cdc2, CDK2 7 
CDK5, and ERK-1 are inhibited by olomoucine with 
IC50 values of 7 7 7, 3 and 25 /JM 7 respectively. A phys- 
iological GSK from S. cerevesiae also has a reported 
IC M of 100 iiM for olomoucine (18) and we have found 
an ICso value with rabbit GSK30 of 22 /iM (Fig. 3C). In 
both cdc2 (17) and GSK3 (18) 7 olomoucine has been 
found to be competitive with respect to ATP, and the 
crystal structure of olomoucine complexed with CDK2 
demonstrates binding within the ATP pocket (19). As 
with staurosporine and Ro 31-8220, the IC^ of olo- 
moucine was shifted dramatically with AMP-PCP and 
increased from 22 to 98 /xM at the highest concentra- 
tion of AMP-PCP (Figs. 2A and 3C). 

The last two inhibitors that we examined are not 
competitive with ATP. The nonbiotinylated glycogen 
synthase peptide would not be expected to compete 
with ATP, while LiCl has been described as uncompeti- 
tive (20). Our data corroborate this as LiCl (Figs. 2B 
and 4A) and the peptide (Fig. 4B) showed essentially 




1 +([AMP-PCP]/Ki) 

FIG, 5. Overall increase in IC W of inhibitors at 1.5 mM AMP-PCP. 
The assay was done aB described in the legend to Fig. 2 and the data 
are plotted as 1 + ([AMP«FCP]/Ki) vs -fold increase in IC M for all of 
the inhibitora. According to this equation, 1 + ([AMP-PCPJ/J^,), the 
ratio of the IC W in the presence of AMP-PCP to the IC M in the 
absence of AMP-PCP should equal 1 when the [AMP-PCP1 is 0 mM 
and its K { is 490 ^M- When the [AMP-PCP] equals 1.5 mM, the ratio 
should be 4.1. 
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FIG. 6- Dixon plots of 1/u versus (A) olomoucine and (B) LiCl at 
different, fixed concentratioDB of AMP-PCP and a constant ATP. The 
parallel plots in (A) show that olomoucine and AMP-PCP are com- 
petitive, whereas the intersecting plots in (B) indicate that LiCl and 
AMP-PCP are noncompetitive. 



of AMP-PCP. In addition, the K x value of 22 yM from 
the the tf-intercept when the concentration of AMP- 
PCP equals zero compares with our experimental value 
of 22 ijM as the IC 50 for olomoucine (Fig. 3C). 

For LiCl as an inhibitor, a Dixon plot of i/u versus 
[LiCl] at fixed concentrations of AMP-PCP and ATP 
was dependent on the concentration of AMP-PCP, and 
the slope increased as AMP-PCP increased with a point 
of intersection on the x-axis equal to ~K t (Fig. 6B). Our 
analysis fits the derived equation for a mixture of a 
nonexclusive, competitive, and a noncompetitive inhib- 
itor, Uv = KjV&mVKi + [Sl/KA + DQ/KJKM 
+ WbJLSKZ, + tS] + VQKJKJ (26), despite the liter- 
ature report of LiCl as an uncompetitive inhibitor (20). 



The Ki from Fig. 6B is approximately 16 ^M, which, in 
fact, is in close agreement with our own experimental 
value of 16 /iM (Fig. 4A). 

Taken together, the above results show the utility of 
using AMP-PCP to determine the competitive nature of 
inhibitors. The addition of AMP-PCP will not signifi- 
cantly dilute the overall signal when using a robust 
and reproducible assay such as SPA. This novel 
method will prove especially useful under conditions 
where numerous assays are performed and it is neces- 
sary to keep the concentration of [y- a3 P]ATP at reason- 
able levels. 
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